We used functional magnetic resonance imaging (fMRI) to investigate the functional anatomical relationship between covert orienting of visual spatial attention and execution of saccadic eye movements. Brain areas engaged by shifting spatial attention covertly and by moving the eyes repetitively toward visual targets were compared and contrasted directly within the same subjects. The two tasks activated highly overlapping neural systems and showed that common parietal and frontal regions are more activated during the covert task than the overt oculomotor condition. The possible nature of the relationship between these two operations is discussed.
INTRODUCTION
A fundamental question regarding the nature of attention is whether it is a supramodal cognitive function that is independent of sensory and motor systems (e.g., Posner, 1994) or instead, whether it is intrinsically bound to sensorimotor systems that direct overt behavior (e.g., Rizzolatti and Craighero, 1998) . Extensive behavioral research has been dedicated to testing the relationship between visual spatial attention and oculomotor functions and has hilighted both the concerted action between the two functions and the ability to dissociate between them (for a review see Hoffman, 1998) . Recent brain-imaging studies have supported a neuroanatomical link between visual spatial attention and eye movements, either by noting that patterns of activations obtained in attention tasks resemble those in oculomotor tasks (e.g., Nobre et al., 1997; Bü chel et al., 1998; Corbetta, 1998a) or by comparing attentional tasks of visual spatial orienting in the presence or absence of eye movements (Corbetta et al., 1998b) . The present report tests this important hypothesis directly, by comparing in the same subjects brain areas activated in tasks of covert visual spatial orienting, which require internal shifts of attention (Posner et al., 1980) , and in tasks requiring large and repetitive saccades toward peripheral stimuli, which taxes overt oculomotor functions.
MATERIALS AND METHODS
Four healthy right-handed volunteers participated (3 female, mean age ϭ 35) in a brain-imaging experiment using functional magnetic resonance imaging (fMRI). Written informed consent and ethical approval was obtained. Subjects performed two tasks (Fig. 1) . In both cases, active task blocks alternated with blocks of central visual fixation (21.75 s each) four times. In the saccade task subjects moved their eyes repetitively between alternating small fixation dots (Ͻ0.5°diam-eter) that appeared at symmetrical peripheral locations of the two visual fields (12°eccentricity, horizontal meridian). Stimuli appeared at a rapid pace (400-to 1200-ms interval), with brief gaps (100 ms) in between. Subjects were instructed to saccade toward the appearing fixation dot and to hold fixation while the dot remained visible. Twenty-two saccades were produced per experimental block. The covert attention task involved detecting peripheral targets (7.5°eccentricity, 1.5°wide, horizontal meridian) that appeared briefly (50 ms) in either visual field and responding with a speeded button press. Attention was oriented covertly by foveal symbolic cues (arrowheads, 100 ms duration) that indicated the correct location of the upcoming target (200-to 800-ms stimulus onset asynchrony) on 80% of trials. Ten trials were performed during each experimental block. Psychophysical sessions prior to brain imaging assessed subjects' ability to control their eye gaze in the two tasks, and their sensitivity to the informative spatial cues in the covert attention task. Only subjects who could control eye gaze and who showed significant behavioral benefits from spatial cues during the covert attention task were scanned.
Brain imaging was performed on a Siemens 1.5-Tesla Vision whole-body MRI unit, using a head coil. Thirtytwo axial slices (3.4 ϫ 3.4 ϫ 4-mm spatial resolution) were obtained using single-shot echo-planar imaging (TR/TE 4350/40 ms, flip angle ϭ 90°) and covered the whole brain. Five sets of images were obtained per experimental block. Eight experimental blocks were obtained for each task-four pairs of active and control conditions. Structural MRIs were also obtained for each subject (TR/TE/TI 15/7/300 ms, flip angle ϭ 10°, 1-mm 3 resolution).
Data were processed and analyzed using SPM 96 (Wellcome Department of Cognitive Neurology, London, UK). All functional images were realigned to the first, to correct for head movement. The structural image was realigned to the functional images, and subsequently all images were transformed into the standardized stereotactic space using linear and nonlinear transformations to match the images to a standardized template from the Montreal Neurological Institute. Functional images were spatially smoothed to accommodate intersubject differences in anatomy, using isotropic Gaussian kernels of 6 mm (final resolution: 8.1 ϫ 7.9 ϫ 7.5 mm at full-width half maximum). Temporal smoothing of 2.8 s was applied, but no high-pass filtering was used. Data were modeled using a box-car function. Statistical effects of task conditions were assessed in individual subjects and across the group of four subjects using linear contrasts in analyses of covariance (ANCOVA) in a fixed-effects model, according to the general linear model. The use of a fixedeffects model precludes generalization of the results to the population at large and instead may be interpreted as an extended case report. Statistical parametric maps of the t statistic for each voxel (SPM5t6) were obtained and transformed into corresponding maps of z scores (SPM5z6). A threshold of P Ͻ 0.001 (uncorrected for multiple comparisons) was adopted.
Statistical analyses were aimed at identifying brain areas shared by saccades and covert attention, as well as brain areas selectively engaged by each task. The overlap of brain activations in the two tasks was defined by the statistical conjunction of the activations in each active task relative to its visual-fixation baseline [(saccade Ϫ fixation sac ) and (attention Ϫ fixation att )]. Regions preferentially engaged by attention were defined as areas more activated by attention, relative to its baseline, than by saccades, relative to its baseline [(attention Ϫ fixation att ) minus (saccade Ϫ fixation sac )]. In order to control for possible contributions of greater deactivations during the saccades task, only areas of significant activation during the attention task were considered [(attention Ϫ fixation att ) was used as a logical mask]. Regions preferentially engaged by saccades were defined in an analogous manner [(saccade Ϫ fixation sac ) minus (attention Ϫ fixation att ), masked by (saccade Ϫ fixation sac )].
RESULTS AND DISCUSSION
An extensive system of brain areas was activated in common by both the saccades and the covert attention conditions (Table 1; Fig. 2 ), including frontoparietal areas that have been consistently observed during visual spatial attention (e.g., Corbetta et al., 1993; Nobre et al., 1997; Gitelman et al., 1999; Kastner et al., 1999) . Frontal activations were obtained in lateral and medial premotor and prefrontal areas, including the area of the frontal and supplementary eye fields, in the anterior cingulate cortex, and in the anterior insula. Posterior parietal areas were activated bilaterally around the intraparietal sulcus and in the inferior parietal lobule. Posterior temporal activations were obtained around the superior temporal sulcus (STS) in the right hemisphere (see Nobre et al., 1997; Gitelman et al., 1999; Kim et al., 1999) . Bilateral activation was obtained in the posterior inferior/middle temporal cortex, consistent with the location of visual areas sensitive to motion (Tootell et al., 1995; McCarthy et al., 1995; McKeefry et al., 1997) . Ventral extrastriate areas were activated in common in the left hemisphere.
Subcortical activations were obtained in the putamen and cerebellum bilaterally.
The results support an intimate relationship between the systems for covert visual spatial orienting and for controlling saccades. No system of distinct brain areas was activated exclusively by the covert attention or by the saccades task. Mainly, the levels of activation within some common regions were biased toward one task or another (Table 1; Fig. 2 ). Activations in visual areas differed across the tasks and probably reflected the fact that visual stimulation was not well equated across the task conditions (Table 2) . Extensive visual activation occurred during the saccades task, especially in the medial occipital region, including primary visual cortex as well as extrastriate areas. The covert attention task engaged specific ventral extrastriate areas, which may have been required for the detection and discrimination of the small peripheral targets.
Greater activations in the attention task were obtained in the primary nodes of the frontoparietal system. Frontal areas were more active in lateral motor/ premotor cortex, in the region of the frontal eye fields. Posterior parietal areas were more active around the posterior intraparietal sulcus, extending into inferior parietal lobule. The performance of small or sporadic saccades during the covert attention task is very unlikely to produce higher levels of activation in eyemovement areas than the performance of large saccades repetitively and at a rapid pace during the saccades condition. The results therefore suggest that attentional functions may engage these sensorimotor areas independently of overt movement executions.
Only one focus of activation appeared to be specific to the covert attention condition, in the dorsolateral prefrontal cortex (Table 2 ; Fig. 2 ). The right dorsolateral cortex has been associated with voluntary rather than automatic responding (see Jahanshahi and Frith, 1998 , for a review) and with working-memory functions, particularly during spatial tasks (e.g., McCarthy et al., 1996; Belger et al., 1998; Courtney et al., 1998) . Prefrontal activation may have reflected controlled aspects of directing attention or differential working-memory loads across the experimental conditions. Prefrontal areas are not consistently activated during covert spatial orienting tasks (e.g., see Nobre et al., 1997; , and further experiments will be required to pinpoint the exact specificity of this region.
These results replicate and extend the findings of a previous study addressing the relationship between visual spatial attention and eye movements (Corbetta et al., 1998b) . In this previous study, covert and overt versions of a spatial orienting task were compared to a visual-fixation control condition and to one another. The pattern of brain areas engaged by the tasks did not differ as a function of the presence or absence of eye movements, except in visual cortical areas involved during the overt task. As in our results, the activation of areas in the frontoparietal system was enhanced in the covert attention condition. Both the covert and the overt versions of the task used in the previous experiment contained a high degree of controlled attentional visual spatial orienting. In both cases, subjects could form systematic expectations regarding stimulus appearance. The results, therefore, could have been an artifact of the contribution of the common attentional functions in either case. The similarity that has been consistently noted between brain activations during attentional and oculomotor studies tasks (e.g., Nobre et al., 1997; Bü chel et al., 1998) , however, argues in favor of the overlap interpretation by Corbetta and his colleagues (Corbetta, 1998; Corbetta et al., 1998) . In the present experiment, we have clarified this important issue by minimizing the attentional contributions to the oculomotor task employed and minimizing oculomotor contamination in the covert spatial orienting task.
Overall, the present experiment supports a strong relationship between the neural systems for covert Note. All brain areas activated in common are significant at the P Ͻ 0.05 level (corrected for multiple comparisons). Subregions are reported in anterior to posterior order. Tables 1 and 2. 214 attention and the sensorimotor systems that control the related overt behaviors (Rizzolatti and Craighero, 1998) . Visual spatial orienting tasks (Posner et al., 1980) may be considered as covert analogues of oculomotor tasks. Attention, even when performed as a mental act with no overt manifestation, seems to draw upon the functional neuroanatomy of more basic sensory and motor processes for its instantiation. This is analogous to other cognitive functions, such as visual (Kosslyn et al., 1997) or motor imagery (Decety et al., 1994) , which seem to be intrinsically bound to their perceptual and motor counterparts.
The precise nature of the intimate relationship between attention and sensorimotor systems remains to be resolved. Overlap in brain activations by different cognitive functions may represent three types of underlying functional anatomy. (1) The functional distinction between the systems is very blurred and overlapping areas are truly shared by both cognitive systems all the time. There may be enough complexity within such a shared system to allow for functional dissociations between covert attention and eye movements depending on demands posed by the environment. (2) Brain areas are capable of multitasking, and the same anatomical areas can perform different functions at different times. Both of these possibilities require that the same neurons show specializations adept for both cognitive processes. Single-unit studies support the existence of neurons that contain both attentional and oculomotor specializations (e.g., Snyder et al., 1997; Colby et al., 1996) . (3) The overlapping areas contain separate interdigitated pools of neurons that belong to the different cognitive processes, but contemporary brain imaging methods are unable to resolve the spatial separation between these neuronal populations. Future research aimed at unveiling the cellular specializations during mental versus sensorimotor functions should prove particularly helpful to reveal the mechanisms operating with these overlapping networks defined by brain imaging. a Many additional visual subfoci were selectively activated by the saccades task.
